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Abstract: The electron distribution around chlorine and sulfur atoms of various oxidation states in molecules was analyzed
in detail with ab initio molecular orbital calculations. The number of electrons N(R) and spherically averaged electron density
po(R) in a sphere with radius R at chlorine and sulfur atoms in two series of chlorine and sulfur compounds were calculated,
and the changes AN(R) and Ap(R) from the sum of the component atoms were also examined. The R dependencies of N(R),
po(R), AN(R), and Apy(R) were studied. It was found that the difference spherically averaged electron density Apy(R) around
the chlorine and sulfur atoms is linearly related to the classical oxidation number assigned to these atoms. This result was
confirmed by checking the basis set dependency, i.e., by use of STO-3G, STO-6G, 4-31G, and 4-31G** functions.

The oxidation number is a classical but useful concept for
describing and interpreting the extent of the electron transfer to
and from the vicinity of given nuclei in a molecular environment
and during the course of a chemical reaction.? A set of signed
integers, oxidation numbers, are assigned to the component atoms,
with hydrogen (+1) and oxygen (-2) atoms as the standard, so
that the sum of them is equal to the total charge of the molecule
or ion. Except in a few molecules such as those of the nitrogen
oxide family and carbon monoxide, most second-row atoms have
their characteristic oxidation numbers. On the other hand, it is
usually the case for a heavier atom to have different oxidation
numbers in different molecules. For example, the oxidation
number of the chlorine atom varies widely from -1 in HCl to +7
in HCIO,. It sometimes happens that different oxidation numbers
need to be assigned to different atoms of the same kind in a
molecule, such as in F,S=S.

The question is whether and how the classical concept, the
oxidation number, is related to the real electronic state. No crucial
theory and/or calculation seem to have been presented. Of course,
there have been proposed several quantum chemical approaches,
for example, the Mulliken population analysis® and the contour
mapping of electron density.* In the former method, however,
the overlap population between a pair of atoms is artificially
divided into havles for the paired atoms, and the assignment is
made with respect to the origin of the “atomic” functions but not
to the real spatial distribution. Only qualitative information can
be obtained from the latter method. If the number of electrons
in a certain defined space is to be calculated, one has to perform
numerical integration,” which, however, is not suitable for obtaining
systematic and accurate results within limited computer time.

Recently, one of the present authors obtained analytical ex-
pressions for the number and density of electrons in a sphere
centered at an arbitrary point, provided that the wave functions
are expressed in terms of GTF's.® In this paper two series of
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compounds containing chlorine and sulfur are systematically
studied by this method in order to elucidate the concept of the
oxidation number. The basis set dependency, including d functions,
was carefully examined.

From the results obtained so far, we can conclude that the
electron distribution around a given atom does not change dra-
matically as the oxidation number predicts but that a subtle
change, if carefully detected, is actually discrete and roughly
proportional to the change of the chemically accepted oxidation
number. Further, one can assign and compare the various oxi-
dation states of a given atom in different molecules in terms of
this newly reinterpreted oxidation number.

Method of Calculation

Let the number of electrons in a sphere with radius R around
center C be denoted as N(R, C), which is the sum of the con-
tributions N(R, C; [, m, n, P) from all the component GTF’s (/,
m, n) as®

R T 27
N(R,C; Lmn,P) = _j; ro(lmnPir) dr _j; sin 6 dd j; do
(la)
p(lmnPyr) = (x - P)(y = P))"(z - P,)" exp{~a(r - P)}
(1b)

where P is the position vector of the GTF center. The spherically
averaged electron density po(R, C) is defined as

po(R, €) = {dN(R, C)/dR}/(47R?) 2

The previous method?® to derive the formulas for calculating
N(R, C) and po(R, C) is straightforward but becomes cumbersome
when it is extended to d-type functions. The new method begins
with simple formulas for / + m + n =0 and 1:

N(R,C;0,0,0,P) = (27'/2/a*?)SL(-1) /P (3a)

and
N(N,C;1,0,0,P) = (w/a)'/?P, /(a*P}){CL(0) - SL(-1)/ P}
(3b)
where the auxiliary functions are defined as
CL(2m) =
_j; “exp(~k2/4a)(sin (kR) - kR cos (kR))k>™ ! cos (kP) dk
(4a)
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Figure 1. the two series of compounds studied and the oxidation numbers
of (a) chlorine and (b) sulfur atoms.

SL2m-1)=
j;mexp(—kz/4a)(sin (kR) — kR cos (kR))k*"2 sin (kP) dk
(4b)
which are expressed in terms of Hermite polynominals except for
m = 0, where the error function is required. To obtain the
formulas for / + m + n = 2, the derivative of the electron density
with respect to P,
3p(l,m,n,P) /3P, = ~I(x — PY)"(y - P)™(z -
P)" exp {-a(r - P)} + 2a(x - PYM'(y ~ P)"(z -
P,)" expl~a(r - P)}} = -lp(I - 1,m,n,P) + 2ap(l + 1,m,n,P)
(5)

is used. As N(R, C; [, m, n, P) is an integration of p(/, m, n, P),
a recurrence formula

NR.Gl + 1,mnP) =

-2—1—{1N(R,C;1— 1,mnP) + 9 N(R,C;l,m,n,P) (6)
82

P,

can be proved. In addition, the derivatives of the auxiliary
functions can be written in terms of the same auxiliary functions
as

9 P,

anSL(Zm ~1) = 5 CL@2m) (7a)
9 cLm) = P"SLz +1 7b
3P, (M)——P @2m+1) (7b)

Therefore all the necessary formulas for N(R, C; I, m, n, P) (I
+ m + n =2) can easily be constructed from eq 5 and 6. They
are given in Appendix A.

Similar recurrence formulas for the spherically averaged
electron density po(R, C; /, m, n, P) and its derivative dpy(R, C;
I, m, n, P)/dR can be derived from eq 6 for N(R, C). To write
down the analytical expression for po(R, C), the auxiliary functions

DSL2m - 1) = E%SL(Zm -1 = g(—-l)"‘a"'(a-/r)l/z X

{expi-a(R — P)}H)uia'/2(R - P)} - expl-a(R +
P)3H,,{a'/*(R + P)}]] (8a)

DCL(2m) = E‘%cuzm) = g(—-l)’"a’"“-/rl/z[exp{—a(R -

P)IH, . ifat/2(R - P)} + exp{~a(R + P)Y}H,peia/ (R +
P)}] (8b)

are necessary, but for dpy(R, C)/dR no new functions are needed,
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Figure 2. Number of electrons NV(R) around the chlorine atom in the
series of chlorine compounds calculated with the STO-6G basis. The
symbols for the chlorine compounds (oxidation numbers in parentheses)
are as follows: (—-—) HCl (-1); (----) HOCI (+1); (-@-) CL,0 (+1);
(--A--) CIF; (#3); (--O--) CIFO, (+5); (--0--) CIFO; (+7);
(-0-) HCIO4 (+7).

because the relations
d DSL(2m-1)

= = =-SL(2m + 1)/R? (92)
d DCL(m) _
R @ - -CL(2m + 2)/R? (9b)

can be used. Thus, coding and computation of both pg(R, C) and
its derivative require only a little more labor.

By using basis sets of four different grades, i.e., STO-3G,
STO-6G, 4-31G, and 4-31G**? we performed ab initio molecular
orbital calculations for the ground states of the following two series
of molecules (see Figure 1): (i) HCI (-1), HOCI (+1), CL,O (+1),
CIF; (+3), CIFO, (+35), CIFO; (+7), and HCIO, (+7); (ii) H,S
("2), H282 (_1), Sze (_1, +3), FSZF (+1), SzOz (+2), SF2 (+2),
SO, (+4), SF, (+4), and SO, (+6). Here the integer in par-
entheses is a tentatively assigned oxidation number for the central
atom concerned.

All the calculations were carried out for the ground-state ge-
ometries, which were experimentally obtained by electron dif-
fraction, from the microwave spectrum, or from the infrared
spectrum.!® The input data for their geometries are listed in
Tables VI and VII. The calculated total and orbital energies of
4-31G** are given in Tables VIII and IX. Although some in-
teresting discussion can be made on these results, it is left at the
readers’ disposal, because of limited space in this paper.

From the wave functions obtained, the number of electrons in
a sphere, N(R), the spherically averaged electron density, po(R),
and its derivative were calculated and analyzed.

Computations in this work were performed on HITAC M180
and HITAC M200 computers (at the Institute for Molecular
Science (IMS)) and a FACOM M 180 IIAD computer (at the
Institute of Physical and Chemical Research (IPCR)). The
computer program for obtaining the ab initio wave functions is
the IPCR version of GAUSSIAN 70 at IPCR and IMS. The sub-
routine programs for the electron number analysis, including d
functions, were coded for the present work.!!
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Figure 3. Spherically averaged electron density po(R) around the chlorine
atom in the series of chlorine compounds calculated with the STO-6G
basis. The vertical bars represent the position of the neighboring atom.
The symbols for the compounds are the same as those in Figure 2.
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Figure 4. Spherically averaged electron density po(R) around the sulfur
atom in the series of sulfur compounds calculated with the STO-6G basis.
The symbols for the sulfur compounds (oxidation numbers in par-
entheses) are as follows: (—---) H,S (-2); (---) HS; (-1); (-—-) S;F,
1) (===~ ) FS;F (+1); (=X=) 8,0, (+2); (=X --) SF, (+2);
(-=—4--) §;F; (+3); (-0-) SO, (+4); (--O--) SF, (+4); (-0-) SO,
(+6). Solid lines are used for oxides, broken lines for fluorides, and
dotted lines for hydrides.

Number of Electrons and the Spherically Averaged Electron
Density in a Sphere with Radius R

The distribution of the core electrons is tight in space and is
expected not to be influenced by chemical bonding. This was
actually confirmed by a test calculation. As our main interest
is the analysis in the bonding region, the electron distribution of
the valence electrons in this region was studied in most cases.

Figure 2 shows the number of electrons N(R) in a sphere with
radius R around a chlorine atom in the series of molecules cal-
culated with the STO-6G basis. Since the results of the STO-3G
basis calculations are not substantially different from those of
STO-6G, the former will not be referred to in the following
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Figure 8. Difference spherically averaged electron density Apo(R) around
the chlorine atom in the series of chlorine compounds: (a) STO-6G basis;
(b) 4-31G basis; (¢) 4-31G** basis. For the symbols see Figure 2.
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Figure 6. Difference spherically averaged electron density Apy(R) around
the sulfur atom in the series of sulfur compounds: (a) STO-6G basis;
(b) 4-31G basis; (c) 4-31G** basis. For the symbols see Figure 4.

discussion. All the curves for the chlorine and sulfur (not shown
here) compounds monotonously and uniformly increase with R,
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Figure 7. Difference electron number AN(R) around the chlorine atom
in the series of chlorine compounds: (a) STO-6G basis; (b) 4-31G**
basis.

and it is difficult to draw meaningful conclusions from the analysis
of the N(R) curves.

The spherically averaged electron density po(R) seems to be
more suitable to see the change of electron distribution around
the atom, as shown in Figures 3 and 4 for the chlorine and sulfur
compounds, respectively. It is clearly seen that in these figures
the radius R,, at the first peak of po(R) is almost independent of
the oxidation state for each series of compounds. The peak position
can easily be obtained from the derivative dp,/dR. The basis set
dependency of R, is found to be very small among the examined
basis sets. Irrespective of the oxidation state and hybridization,
R,, is likely a constant for each atom, R,, ~ 0.570 & 0.025 A
for chlorine and R,, = 0.625 % 0.010 A for sulfur. The currently
adopted covalent radii of Cland S are, respectively, 0.99 and 1.04
A: R,, is about 60% of the covalent radius. The vertical bars on
the curves in these figures at about 1.5 A indicate the positions
of the neighboring atoms, around where the second peak of py(R)
is found.

The sulfur compounds examined can be grouped into three
groups: hydrides, oxides, and fluorides. In each group the larger
the oxidation number, the smaller the po(R) value at R,,. This



4002 J. Am. Chem. Soc., Vol. 104, No. 14, 1982

Takano, Hosoya, and Iwata

Table I. Difference Spherically Averaged Electron Density Ap,(R) Values for the Chlorine Compounds

STO-6G 4-31G 4-31G**
Rm (rz>1/2b Rm (r2yV/2 Rum o212
compd ON® 0.57 A 078 A 0.57 A 085 A 0.57 A 0.85 A
HC1 -1 -0.0001 +0.0010 +0.0013 +0.0035 +0.0022 +0.0071
HOC1 +1 -0.0011 -0.0008 +0.0003 -0.0004 +0.0007 +0.0031
C1,0 +1 -0.0039 -0.0023 -0.0002 -0.0010 +0.0006 +0.0026
CIF, +3 -0.0224 -0.0160 -0.0108 -0.0171 -0.0159 -0.0090
CIFO, +5 -0.0344 —0.0306 —0.0128 —0.0250 -0.0224 -0.0080
CIFO, +7 -0.0504 -0.0447 -0.0222 -0.0358 —0.0340 -0.0082
HCIO, +7 -0.0503 -0.0435 -0.0213 -0.0345 -0.0325 -0.0071

@ Oxidation number assigned in this study. ? Calculated with the valence orbitals.
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Figure 8. Difference electron number AN(R) around the sulfur atom in
the series of sulfur compounds: (a) STO-6G basis; (b) 4-31G** basis.

trend is found in all four basis set calculations. This is consistent
with our chemical intuition. For the chlorine compounds studied
here, grouping is less clear.

Thus we can inspect the electron distribution around an atom
in molecules more clearly through the spherically averaged electron
density po(R) than through the number of electrons N(R).
However, it is still difficult to draw meaningful and useful con-
clusions only from Figures 3 and 4 without recourse to chemical
knowledge on each compound.

Difference Electron Number and Difference Electron Density

In order to examine in detail the change of the electron dis-
tribution in molecules, the difference electron number AN(R) in
a sphere and the difference spherically averaged electron density
Apg(R) are defined as

ANR) = N(R) - % N(R) (10)
866(R) = 6o(R) = 3 po(R) (1)

where the subscript i refers to the contribution of the component
free atom i. The Apy(R) and AN(R) values are respectively plotted
against R in Figures 5 and6 and Figures 7 and 8. In these figures
the core electron contribution is included, although almost identical
curves are obtained without it.

Molecular dependency of the electron distribution around the
chlorine and sulfur atoms now becomes evident in these difference
curves. The R dependency of the difference electron density
Apo(R) shows an interesting trend in that all the curves of both
STO-3G and STO-6G are almost parallel in the region 0.3 < R
< 1.3 A, giving a fairly clear-cut assignment of the oxidation state
of the Cl and S atoms in each compound. On the other hand,
the 4-31G curves seem to be a little distorted and entangled.
However, as long as compounds in the same family (oxide, fluoride,
etc.) are compared, the parallelism of the curves is still preserved.
The pattern of the Apy(R) curves calculated with the 4-31G**
basis, which includes d functions, closely resembles that of STO-6G
rather than 4-31G, except that in the 4-31G** curves the humps
around 0.8-0.9 A are steeper than in the STO-6G curves. The
split-shell (4-31G) basis set seems somewhat unbalanced around
the bonding region.

In Tables I and II Apg(R) values at R,, and at R = (r2)!/% are
given, where (72) is the calculated expectation value of 72 for the
valence electrons of the corresponding free atom in each basis set
calculation (see Table III).

A quantitative relationship between the oxidation number and
Apo(R) is found for the region 0.5 < R < 1.3 A. For instance,
the ratios of Apy(R) at R = 0.57 A by the STO-6G calculation
for CIF,;, CIFO,, CIFO,, and HCIO, are 1:1.54:2.25:2.25, re-
spectively, which parallel the ratios of the widely accepted oxi-
dation numbers (3:5:7:7 = 1:1.67:2.33:2.33). A similar trend is
also found in the other basis set calculations. The Apg(R) curves
for CIFO; and HCIO, in Figure 5 are almost indistinguishable
and show the largest amplitude in all four basis set calculations,
revealing that the Cl atoms in both compounds are in the same
and highest oxidation state: they both have an oxidation number
of +7. Among the chlorine compounds examined, only the
chlorine in HCl is said to have a negative oxidation number (-1),
which is reflected in Figure 5, where the Apg(R) curve of HCI
alone takes positive, though small, values for 0.6 < R < 1 A. This
trend means that there is an increase of electron density around
the Cl atom. The results of HOCI and Cl,0 with the 4-31G**
basis set are the only exceptions that predict a sign opposite to
that of chemical intuition for the oxidation number of the Cl atom.
For these compounds the Apy(R) is so small that its sign is rather
sensitive to the choice of the standard free atom contributions.
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Table II. Difference Spherically Averaged Electron Density Ap,(R) Values for the Sulfur Compounds
STO-6G 4-31G 4-31G**
R-,; b Rm @2 Rm V2
compd ON¢ 0.63 A 0.73 A 0.63 A 0.84 A 0.63 A 0.84 A
H,S -2 ~0.0092 -0.0040 -0.0076 +0.0004 -0.0080 +0.0020
H,S, -1 -0.0083 -0.0046 -0.0065 -0.0002 -0.0071 +0.0015
S,F, -1¢ +0.0062 +0.0070 -0.0037 +0.0008 -0.0051 +0.0028
FS,F +1 -0.0106 -0.0070 -0.0080 -0.0062 -0.0112 -0.0030
S,0, +2 -0.0175 -0.0129 -0.0010 -0.0084 -0.0129 -0.0035
SF, +2 -0.0168 -0.0120 -0.0126 -0.0101 -0.0159 -0.0068
S,F, +39 -0.0268 -0.0208 -0.0156 -0.0169 -0.0208 -0.0098
SO, +4 -0.0323 -0.0256 -0.0160 -0.0148 -0.0192 -0.0055
SF, +4 -0.0399 -0.0319 -0.0255 -0.0242 -0.0312 -0.0164
SO, +6 ~0.0467 -0.0399 -0.0219 -0.0230 -0.0258 -0.0068
2 Oxidation number assigned in this study. b Calculated with the valence orbitals. € Terminal S atom. ¢ Central S atom.
Table III. Root-Mean-Square Values of the Electrons of Table V1. Input Geometries of Chlorine Compounds®
Various Atoms? _H
electrons Fu 1o
! i
atom basis set all valence core Cl—Fi3) /C_l
S STO-6G 0.555 0.727 0.509 Fio) 30 O\Q 12
4-31G 0.718 0.844 0.513 -
Cl STO-6G 0.586 0.775 0.492 compd bond distance, A bond angle, deg
4-31G 0.627 0.854 0.466
(0] STO-6G 0.540 0.650 0.121 HCl H-Cl1 1.27459
4-31G 0.585 0.688 0.122 HOCI 0-Cl1 1.6895 H-0-Cl 102.48
STO-6G 0.495 0.572 0.107 O-H 0.975
4-31G 0.540 0.623 0.108 CL,0 0-Cl1 1.7004 Cl-0-C1 110.86
H STO-6G 0.739 CIF, CI-F(1) 1.698 F(1)-CI-F(3) 87.5
4-31G 0.896 CI-F(3) 1.598
PR CIFO, Cl-F 1.697 0-Cl-0 115.23
FHvE,
Cl-0 1.418 F-C1-0 101.72
Table IV. Values of Difference Electron Number AN(R) at the ClFo;  CL-F 1.619 Q_CI_O 116.6
Root-Mean-Square Value ()2 of Valence Electrons of Cl-0 1.404 F-Cl-0 1008
Chlorine Compounds HCIO, Cl-0(2) 1.408 0(2)-Cl-O(3) 112.8
Cl-O(1) 1.635 0(2)-Cl-O(1) 105.8
STO-6G 4-31G 4-31G** H-0(1) 0.9451%  CI-O(1)-H 120.0¢
compd ON 078 A 085 A 0854 @ Reference 10. © O-H (in CH,OH). © H is assumed to be trans
HCI -1 +0.005 +0.028 +0.038 to O(3).
HOCI +1 -0.006 -0.001 -0.005
CL,0 +1 -0.034 -0.009 -0.015 Table VII. Input Geometries of Sulfur Compounds?®
CIF, +3 -0.236 -0.244 -0.263 £
CIFO, +5 -0.405 -0.298 -0.315 ;
CIFO, +7 -0.593 -0.460 —-0.448 [ F
HCIO, +7 -0.590 -0.429 ~0.440 SNF
Table V. Values of Difference Electron Number AN(R) at the F
Root-Mean-Square Value ¢*)/2 of Valence Electrons of compd bond distances, A bond angles, deg
Sulfur Compounds
.S, . .
compd ON 073 A 0.84 A 0.84 A S-H 1.327 H-S-S-H 90.60°
H,S -2 -0.033 -0.088 -0.080 S,F, S-S 1.860 S-S-F 107.5
H,S, -1 -0.052 -0.077 —-0.085 S-F 1.598 F-S-F 92.5
.S, -1 +0.081 ~0.040 ~-0.048 FS,F S-S 1.888 S-S-F 108.3
FS,F +1 ~0.077 ~0.121 ~0.145 S-F 1635 F-S-S-F 87.9%
S,0, +2 -0.137 -0.151 -0.170 5,0, 5-0 1.458 0-8-S 1127
SF, +2 -0.127 ~0.185 -0.205 58-S 2.0245
F,S, +3 ~0.226 -0.247 ~0.287 SF, S-F 1.59208 F-S-F 98.197
SO, +4 ~0.275 ~0.250 ~0.243 S0, S-0 1.43076 0-5-0 119.33
SF, +4 ~0.343 ~0.394 ~0.405 SF, S-F 1.545 F-S-F 101.6
S0, +6 -0.430 -0.370 -0.336 S-F 1.646 F'-S-F 186.9
SO, S-0 1.4198

For the sulfur compounds, when compared within the oxide and
fluoride families, the Apy(R) values show a remarkable correlation
with the chemically accepted oxidation numbers. For oxides the
ratios of Apy(R) at R,, = 0.63 A (see Table II) in STO-6G and
those of the oxidation number for S,0,, SO,, and SO; are re-
spectively 1:1.85:2.67 and 1:2:3. The ratios for FS,F, SF,, S,F,
(central S), and SF, are 1:1.58:2.53:3.76 and 1:2:3:4, respectively,
if +3 is assigned to th central S of S,F, (vide infra). In both cases

@ Reference 10, ® Dihedral angle.

a linear relation is found between Apy(R) and the oxidation
number. As in HCI, the Apy(R) values at R ~ 1 A for the sulfur
atoms with supposedly negative oxidation numbers are positive
in HSH (-2), HSSH (-1), and S,F, (-1, terminal S) (see Figure
6a—c).

There often arises some arbitrariness in the assignment of
oxidation numbers. For example, there is no definite rule for
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Table VIII. Total Energy and Orbital Energies of the Lowest Unoccupied (LUMO) and Higher Occupied Orbitals of Chlorine Compounds

molecule HClI HOC1 ClL0
symmetry?® Coy Cs C,u
total energy, au?  -459.60649 53431911  —992.68257
LUMO, eV 66 5.00 1la’ 349 10a, 1.66
HOMO, eV 2r -12.61 32" -11.79 3b, -11.93
506 —16.67 10a’ —12.45 8a, —12.74
4¢ -30.04 9a' -16.07 9a, —13.08
2a" -16.41 2b, -13.45
8a' -19.25 8a, —-17.49
7a° -28.55 7a, —17.93

CIF, CIFO, CIFO, HCIO,

v s CSU s
-756.75155 ~ —707.58856  —782.26506  —758.29981
12a, 137 15a' 140 1la, 254 18a° 320
4b, -1425 142 —1376 1a, —1493 8a’ -13.94
11a, —14.41 72" -1475 7e 1585 72" —14.65
10a, -16.96 6a" -1543 10a, -17.04 178" -14.91
6a, -16.98 132 —16.00 6¢ —17.49 162’ —15.89
1b, -17.68 12a° —18.20 Se —20.00 6a" —16.49
3b, —18.58 5a” —18.46 4e —22.74 152° —-16.66

@ See Tables VI and VII. © 4-31G** basis.

Table IX. Total Energy and Orbital Energies of the Lowest Unoccupied (LUMO) and Higher Occupied Orbitals of Sulfur Compounds

molecule H,S H,S, F,S, FS,F
symmetry? C,u A s C,
total energy, au® -398.26617 —795.36530 -992.82249 -992.83166
LUMO, eV 3a, 5.34 9b 371 9a"” 2.25 13b 3.41
HOMO, eV 2b, —-10.17 9a -10.19 172" -10.42 13a -11.33
S5a, =13.32 8b -10.19 8a" -11.03 12b -11.68
2a, —15.81 8a -12.90 162" —13.82 12a -13.60
4a, -2647 76 -15.02 152" -17.35 11b -16.69
7a —15.87 7a" -18.10 11a —18.31
6b —23.88 62" —19.10 10b —18.35
molecule S,0, SF, S0, SF, SO,
symmetry® Cyy Cpy 2U Coy Dsp
total energy, au —943.63017 —595.72744 -546.62228 -794.34027 -805.80654
LUMO, eV 3b, -—0.81 6a, 3.49 3b, 080 Ta, 3.47 4a,” 1.70
HOMO, eV 3b, -9.48 3b, -10.51 8a, —13.11 12a, -11.77 la,’ -14.41
10a, —11.00 8a, —15.99 1b, -13.78 2b, -17.32 le" -15.35
9a, —14.36 5a, —17.68 5a, -14.42 6b, -17.42 5¢  —~16.64
2b, -15.33 1b, —18.65 2b, -17.91 6a, —17.51 4e'  -20.25
8a, —15.69 2b, —19.89 7a, —18.70 11a, -17.65 2a," -20.41
2b, -16.89 7a, —19.93 4a, —18.73 5b, —19.59 5a," —23.49
@ See Tables VI and VIL. ® 4-31G** basis.
0 0 4-31G that of SO, in any of the different basis set calculations studied,
bt it is situated just between those of SF4 and SF,. Further, there
is a close resemblance between the curves of H,S and S,F,
ooz 7 (terminal S). Thus one may conclude that +3 and -1 (see formula
II) can be assigned as the oxidation numbers to the central and
1 terminal S atoms, respectively, for S,F,.
e In order to proceed along this line of reasoning on the oxidation
0.00 X IR number, one has to check the electron density distribution around
\Qijii\\%"f/{/i i the oxygen atom as a reference system in both the chlorine and

-0.02

in S compounds

006 —-—-—inCl compounds _

" RI[A]
Figure 9. Difference spherically averaged electron density Apy(R) around
the oxygen atom in the chlorine and sulfur compounds.

deciding which is the correct formula for S,F, among I-III (or
more). Chemical intuition may favor I or IIl, as it is usually
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the case with the sulfur atom to take an even oxidation number.
Although the curve of the central S of S,F, in Figure 6 resembles

sulfur compounds. Figure 9 shows the Apy(R) curves of the typical
oxygen atoms for the compounds studied here calculated with the
4-31G basis set.!>  Although they do not completely overlap with
each other, the deviation is remarkably small if one compares the
oxygen curve (Figure 9) with the curves for chlorine (Figure 5b)
and sulfur (Figure 6b) at the same level of approximation.!?

The above examples illustrate the usefulness of the present
analysis and at the same time the appropriateness of the use of
the concept of the classical oxidation number under certain
conditions.

Figures 7 and 8 show the R dependencies of the difference
electron number AN(R). The minima are located near the bond
“distance” in most cases. It also shows the change of the electron
distribution around the chlorine and sulfur atoms with various
oxidation numbers. Particularly for the chlorine compounds,
AN(R) is related to the assigned oxidation number. Namely,
AN(R) is positive for HCI and almost zero for HOCI and Cl,0,
while for the chlorine atom with an oxidation number of +3, +35,
or +7, AN(R) takes a large negative value, as seen in Figure 7
and Table IV. Although a general trend is less clear, for the sulfur
compounds AN(R) for the atoms with higher oxidation numbers
among the fluorides and oxides is large in absolute value. For

(12) The hydrogen atom is not suitable for this purpose, as it is too small
relative to the third-row atoms.

(13) The results for other basis set calculations show substantially the same
trend.
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instance, in Figure 8 compare the three solid lines for S,0, (+2),
SO, (+4), and SO; (+6). The sulfur atom in SO; is obviously
the most positive (see also Table V).

The importance of adding the polarization functions for the
description of the electron distribution is clearly seen in Figures
5-8. The Apy(R) curves with the polarization functions (4-31G**)
show more structures, i.e., with more humps, than those without
them (4-31G), which suggests, though Apy(R) is spherically av-
eraged, that the radial and angular change of the electron dis-
tribution around the atom in molecules is well described by adding
the polarization function. The apparent decrease of the absolute
value of AN(R) in 4-31G** from those of 4-31G and STO-6G
seems rather surprising, but this decrease might be reasonable,
since in a smaller basis set the charge transfer among atoms in
a molecule is often exaggerated.

Concluding Remarks

The most important conclusion in this study is as follows: There
is no dramatic change in the electron number around a specified
atom as the classical oxidation number predicts, but a subtle and
stepwise change in the electron density Apy(R) relative to the free
atom can be detected in parallel with the classical oxidation
number. The results obtained by adding d functions, e.g., Apg(R)
for 4-31G**, suggest that the effect of d oribtals is significant.
Correlation between Apy(R) in all the basis sets and the oxidation
number is fairly good. This analysis was made possible by the
analytical expressions of the electron number and density for the
Gaussian-type wave functions. Further study along these lines
is in progress.

Appendix
Formulas of N(R,C;l,m,n,P) = N(I,m,n).
Notations
P = aR, + a;R, a=a + a;
M,=P.,/P M,=P,/P M,=P/P

(CLSL) = CL(0) - SL(-1)/P
X1 =X - X Ypo=Y,-Y, Zn=2,-2,
R =X’ + Y, + Z,)
EXP = exp(-a;a:R,,°/ a)
Normalization Constants
Ny(a) = Qa/7)/*
N, (a) = 2"/4a5/4/73/4
Ny_(a) = 211/4a7/4 /(31121314
Ny (a) = 211/4774 f 3/4

N(l,m,n) 0<l,mn<
A/I+m+n=0
N(0,0,0) = (w/a)l/ZZSL;I)
iy/l+m+n=1
CLSL
N(1,00) = (r/a )1/2—(——)
a?P
i)/ +m+n=2
N(2,0,0) =
SL( 1) M2 SL(1)
1/2
(r/a) P 2aP2 e P

MM,
5010 = o/ 2] 3 cusp) 4 SLO)
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ivyIi+m+n=3

300 ]/2 p 3-5M2 \(CLSL)
N( "y ) (7|'/(1) P 2(1 P2
3(1 -2M.2) SL(l) M2
2a P 2a
510 ]/2 M, p 3-15M,% \(CLSL)
N@LO) = (x/)' | P =
1-6M2SL(1) M2
2a P 2a
N(1,1,1) =

MMM,
(@) —— {15(CLSL)+6SL(1)

4P P ) CL(Z)}
Wli+m+n=4

SL(-1) + 1 -3M,2 (CLSL)
P a P?

N(4,00) = (7 /a )'/2 {
2
Ai.x SLIEI)} + (ﬂ_/a)l/28a15P2

(CLSL) _ 3(1- 12M2 + 15M 4)SL(1)

{3(—3 + 30M,2 -

35M,%)

SL(3
IM2(3 - 5 M)CL(2) + PZM;*%}

(CLSL) | SL(I)} .

MM,
NGLO) = ~(r /@) === 13— >

(€ SL)

(1r/a)1/2 {15(3 - TM2) +9(2 -

( )

SM2) - (3 - 10M2)CL(2) + P’M ZSLIE3)}

SL(-1 2-3M2-3M2
- /e LD, 2
82

N(2,2,0) P >

(CLSL) M2+ M2 SL(1)
P2 2a P

(CLSL)

(1r/oz)‘/2

{3(1 - 5M2 + 35M M, )

1
(1-6M,2-6M7+ 45M.2M ?) ()

SL(3)
(M2 + M,> - 10M,2M,})CL(2) - PXM,2M? > }

N1, = —(1r/a)1/2 >

SL)

MM, { (CLSL) .\ SL(I)}+

(1r/a)1/2 {15(1 -M 2) +3(2-

15M 2) )

- (1 - 10M2)CL(2) + P2M 2 Lm}

Input Geometries and Energies. Input geometries of the chlorine
and sulfur compounds are given in Tables VI and VII, respectively,
and the total energy and orbital energies of the lowest unoccupied
(LUMO) and higher occupied orbitals of the chlorine and sulfur
compounds are given in Tables VIII and IX, respectively.



